MBoC | ARTICLE Microtubules are reversibly depolymerized in response to changing gaseous microenvironments within Aspergillus nidulans biofilms ABSTRACT How microtubules (MTs) are regulated during fungal biofilm formation is unknown. By tracking MT +end-binding proteins (+TIPS) in Aspergillus nidulans, we find that MTs are regulated to depolymerize within forming fungal biofilms. During this process, EB1, dynein, and ClipA form transient fibrous and then bar-like structures, novel configurations for +TIPS. Cells also respond in an autonomous manner, with cells separated by a septum able to maintain different MT dynamics. Surprisingly, all cells with depolymerized MTs rapidly repolymerize their MTs after air exchange above the static culture medium of biofilms. Although the specific gasotransmitter for this biofilm response is not known, we find that addition of hydrogen sulfide gas to growing cells recapitulates all aspects of reversible MT depolymerization and transient formation of +TIPs bars. However, as biofilms mature, physical removal of part of the biofilm is required to promote MT repolymerization, which occurs at the new biofilm edge. We further show MT depolymerization within biofilms is regulated by the SrbA hypoxic transcription factor and that without SrbA, MTs are maintained as biofilms form. This reveals a new mode of MT regulation in response to changing gaseous biofilm microenvironments, which could contribute to the unique characteristics of fungal biofilms in medical and industrial settings.
INTRODUCTION
Microtubules (MTs) are cytoskeletal filaments that act as highways for long-distance intracellular trafficking during interphase and then form the mitotic spindle during mitosis (Kirschner and Mitchison, 1986; Szewczyk and Oakley, 2011) . MTs are dynamic polymers of tubulin dimers that are nucleated from MT-organizing centers (MTOCs) containing γ-tubulin (Oakley et al., 1990) . MTs also display "dynamic instability," by which they undergo cycles of growth and shrinkage (Mitchison and Kirschner, 1984) . The underlying basis for this behavior is an ongoing race between GTP tubulin addition, resulting in growth, and GTP hydrolysis after its incorporation into the polymer, favoring MT catastrophe (Brouhard, 2015) . A variety of plus end-binding/tracking proteins (+TIPS) affect MT dynamic instability. Among the most prominent of these is end-binding protein-1 (EB1; Vaughan, 2005; Honnappa et al., 2006) , which promotes MT growth and acts as a landing site for other +TIPS, including the cytoplasmic linker protein of 170 kDa (CLIP-170; Bieling et al., 2008; Dixit et al., 2009) and the cytoplasmic dynein heavy chain (Duellberg et al., 2014) .
Much of our understanding of how MTs are regulated comes from studies of actively growing cells. However, many cells exist in nongrowing states over extended periods of time after terminal differentiation and exit from the cell cycle. Similarly, cells will reversibly stop growing in response to stress or when nutrients become limiting, as, for example, can occur when cells form communities within biofilms (Forster et al., 2016) . How MTs are regulated in nongrowing cells and the effect of their local growth environment are of interest in microbial as well as cancer biology because any specific type of regulation could be involved in drug resistance. In this regard, during biofilm formation, fungal cells experience microenvironments Understanding how biofilm microenvironments affect the physiology of fungal cells is therefore of medical and industrial interest. Here we report that dissolved gaseous microenvironments within fungal biofilms promote highly reversible MT depolymerization. We further show that hydrogen sulfide mimics these effects and find that the response is regulated via the SrbA hypoxic transcription factor, which is known to control other physiological responses to hypoxia in fungal cells.
RESULTS

EB1 as a marker for microtubule dynamics
In Aspergillus nidulans, EB1-monomeric red fluorescent protein (mRFP; Campbell et al., 2002) ) expressed from its native locus appears as comets at the growing plus ends of MTs as defined by green fluorescent protein (GFP)-TubA (Zeng et al., 2014;  Figure 1A and Supplemental Video S1). At the cell tip, EB1-mRFP comets disperse, reflecting the MT depolymerization that occurs in this cellular region (Supplemental Video S1). To track EB1 behavior during mitosis, we used a strain expressing EB1 tagged with mCherry (CR: Shaner et al., 2004) and spindle pole bodies (SPBs) marked with GcpC-GFP (Xiong and Oakley, 2009 ). During mitosis, cytoplasmic EB1-CR comets are reduced in number as cytoplasmic MTs disassemble, and EB1-CR then locates to forming mitotic spindles (Figure 1B and Supplemental Video S2) . During mitotic exit, EB1-CR comets reappear, emanating away from the separating SPBs as astral MTs polymerize and grow into the cytoplasm ( Figure 1B and Supplemental Video S2). Benomyl-induced MT depolymerization causes immediate EB1-GFP dispersal from comets ( Figure 1C , Add benomyl). Subsequent removal of benomyl allows MTs to repolymerize, and EB1-GFP appears as bursts of comets forming from MTOCs at SPBs (marked by Ndc80-CR; Yang et al., 2004) at septa and within the cytoplasm ( Figure 1C , Washout benomyl). EB1 is therefore an excellent marker (Egan et al., 2012; Zeng et al., 2014) for growing MTs in A. nidulans, as it is in other organisms, with EB1 comets reflecting MTs that are growing and its dispersal that MTs are being depolymerized. During MT repolymerization, localized bursts of EB1-GFP comets also functionally define sites of MTOCs.
During early biofilm formation, EB1-GFP comets disperse and EB1 locates at bar-like structures
When imaging live cells of A. nidulans, spores are inoculated into the medium, which sink and attach to the bottom of the imaging dish. We then image cells using inverted spinning-disk confocal microscopy. The growth temperature and time of culture during the different stages of biofilm formation imaged are indicated in Figure 2A . All cells initially grow and populate the bottom surface of the culture via polarized tip cell growth. Some tips were seen to apparently detect other cells and change their direction of growth to avoid each other ( Figure 2B ). As that modify their physiology, leading to antifungal drug resistance and the generation of dormant persister cells tolerant to antifungals (Taff et al., 2013) . In addition, many cancer drugs target MTs (Jordan and Wilson, 2004) . Many fungal species readily form biofilms on a submerged substratum, generating a multilayered community of hyphae (Desai et al., 2014) . Within fungal biofilms, inverse gradients of oxygen and nutrients are generated as cell crowding occurs within the biofilm. Cells that initiate biofilm formation are located in the deeper layers of the structure and therefore experience a different microenvironment than cells at the biofilm periphery (Fanning and Mitchell, 2012) . Little is known about how the MT cytoskeleton is regulated in cells within fungal biofilms and colonies, although a considerable amount of fungal biomass in nature consists of such nongrowing cells. From a medical perspective, fungi form biofilms on medical implants and in the lungs, sinuses, and urinary tract of immune-compromised patients (Kaur and Singh, 2014; Araujo et al., 2017) . Because cells within biofilms are less responsive to antifungal treatments, they contribute to hard-to-treat chronic disease states. Of note, fungal biofilms are sometimes also the preferred mode of growth during industrial production of enzymes, organic acids, and food products because they are more productive than during submerged free-floating growth (Ramage et al., 2011; Gutierrez-Correa et al., 2012) .
FIGURE 1: EB1 is a good indicator of MT dynamics. (A) Localization of EB1-mRFP (grayscale, inverted) and TubA-GFP (green in montage) from Supplemental Video S1 (strain NS133) showing dynamics of EB1 mRFP comets at the plus ends of growing MTs. (B) EB1-CR and the GcpC-GFP SPB marker during mitosis (Supplemental Video S2, strain NS327). EB1-CR localizes to the mitotic spindle and then to astral MTs during mitotic exit (inset, blue arrows). (C) EB1-GFP (strain NS326) disperses from comets when MTs are depolymerized using benomyl and reappears at mobile comets after benomyl washout. EB1-GFP comets reemerge from SPBs (marked by Ndc80), septa (pink arrow), and cytoplasmic foci (blue arrows). Scale bar, 10 μm. discontinuous pattern but became more uniform as fibers transitioned into bars. The bars were also seen to break ( Figure 4B and Supplemental Video S5) and with time retract and also disappear, as can be seen in the kymographs of Figure 4 .
Of importance, cells were observed to respond in an autonomous manner, with different cells at the same time displaying EB1-GFP at comets or dispersed and/or at bars ( Figure 3C ). In fact, even cells separated by a septum were seen to display different locations for EB1-GFP, with the cell on one side of a septum maintaining dynamic EB1-GFP comets, whereas the cell on the other side had EB1-GFP dispersed and/or at bars (Supplemental Video S6). These observations reveal that during the early stages of biofilm formation, cells stop growing and subsequently start to depolymerize their microtubules in a cell-autonomous manner. The data also show that EB1-GFP, in addition to decorating the ends of growing MTs, has the capacity to locate to novel bar-like structures.
Air exchange above the biofilm culture medium promotes MT repolymerization
Another entirely unexpected effect on EB1-GFP dynamics was caused after removal of the lid of the culture dish. In cells that had EB1-GFP dispersed and/or at bars, EB1-GFP spontaneously reformed comets after the lid of the culture dish was removed (Figures 2E, 5.5 min, and 3D) . This effect was seen even though the lids are triple-vented to allow air exchange during incubation. Live-cell imaging after lid removal revealed the synchronous nature of this response in a population of cells (Supplemental Video S7). In this experiment, all cells imaged (188 of ∼188) repolymerized their MTs regardless of their MT status before lid removal (compare Figure 3 , C with D). These findings indicate that, upon culture lid removal, cells at the early stages of biofilm formation rapidly repolymerize MTs. No media mixing was required to promote this effect, indicating MT repolymerization could involve exchange of dissolved gaseous component(s).
To investigate whether EB1-GFP dispersal during static biofilm culture is specific to the static mode of growth, we asked whether similar behavior would occur within biofilm cells formed under agitation. We used identical growth conditions, except for mixing of the culture dish at 100 rpm on a rotating shaker after an initial static incubation of 8 h at 32°C. We then imaged the dishes immediately after removal from the shaker and observed that EB1-GFP became dispersed within cells of the biofilm formed under rotating conditions (Supplemental Figure S1 ). This result indicates that biofilmdriven EB1-GFP dispersal is not specific to statically grown biofilms.
As biofilms mature, partial biofilm removal is required to promote MT repolymerization As biofilm cultures matured, EB1-GFP bars also disassembled. In these more mature biofilms, lid removal, or lid removal followed cells grow further and become more crowded, they stop growing, even when there appears to be space for them to grow into ( Figure  2C , tip cells, arrows), and begin the early stages of biofilm formation. Although these cells are no longer growing, they maintain active MT dynamics and display EB1-GFP comets. A representative cell is shown in Figure 2D from a time course with images taken at 30-min intervals. Kymographs readily reveal the growing and growth-arrested phases, with EB1-GFP comets being present during both ( Figure 2D ). The process within a cell population of ∼188 cells is shown in Supplemental Video S3, with the field of view representing a stitched image of 308 × 308 µm. At the early time points, some cells undergo mitosis and have EB1-GFP at mitotic spindles and not at cytoplasmic comets (10 cells at T1 indicated by arrows in Supplemental Video S3). Figure 3 shows the population of cells at the beginning ( Figure 3A) and end of the growth period ( Figure 3B ). During further biofilm maturation, EB1-GFP becomes dispersed in some cells ( Figure 3C and Supplemental Video S3), with 68 of ∼188 cells having dispersed EB1-GFP. Of further interest, and unexpectedly, EB1-GFP was also seen to locate at more fibrous and bar-like structures during this period (60 of 188 cells) a configuration unusual for a protein known to locate to the plus ends of growing microtubules ( Figure 1A ). Imaging at shorter time intervals revealed that EB1-GFP first appeared in a fibrous pattern, which then shrank, leaving more bar-like structures ( Figure 4A and Supplemental Video S4). The distribution along fibers was also seen to start in a The montage and kymograph show that after cells stop growing, they initially maintain EB1-GFP comets, but then EB1-GFP starts to disperse and form immobile bars and foci (15 h). (E) Surprisingly, EB1-GFP relocates back to comets within minutes of removal of culture dish lid. Cells were initially grown at 32°C for 6 h, followed by growth for 10, 9, 6, and 21 h at 23 ± 2°C for imaging in B-E, respectively. Scale bar, 10 μm.
nearest the scrape edge repolymerize their MTs, and EB1-GFP appeared as comets ( Figure 5C , zone 1). In cells further from the edge ( Figure 5C , zone 2), EB1-GFP appeared at bar-like structures, whereas the zone furthest from the edge ( Figure 5C , zone 3) contained cells in which EB1-GFP remained dispersed. These experiments indicate that an intact biofilm is required to maintain MTs in a depolymerized state after the biofilm has matured but that cells retain the ability to repolymerize MTs when their microenvironment is physically changed.
Fungal colony-type growth promotes MT disassembly toward the center of the colony During fungal colony development, cells grow in a radial fashion at the colony edge. The central region contains a higher density of older, nongrowing cells, whereas the cells at the growing edge are younger and less crowded. We considered the possibility that MTs might be regulated in the different zones of the colony in a manner analogous to that seen during biofilm development. In this scenario, the growing leading edge of the colony would represent stages before biofilm formation and the central zone a more biofilm-like state. To address this, cells were point inoculated at the edge of the microscope imaging dish and allowed to grow across the observation field as depicted in Figure 6A . EB1-GFP was imaged over multiple linked fields from the growing tip cells back into the older, nongrowing cells. Cells closest to the growing edge had EB1-GFP comets reflecting the dynamic MTs in these cells ( Figure 6B , zone 1). In the more central region, EB1-GFP was dispersed, indicating that these nongrowing cells had likely disassembled MTs ( Figure 6B , zone 3). Between zones 1 and 3, zone 2 also contained nongrowing cells, and many had EB1-GFP located to bar-like structures ( Figure 6B , zone 2). Therefore cells within a growing colony undergo changes in their EB1 dynamics in a manner similar to what occurs during biofilm maturation and likely reflect the different microenvironment that cells in the different zones generate and experience that causes their MTs to disassemble.
Dynein and CLIP-170 (ClipA) display similar dynamics to EB1 during colony formation
To investigate whether EB1-GFP was unique in its behavior, particularly with regard to its location to bar-like structures, we investigated two additional +TIPS proteins: ClipA (orthologue of Clip-170) and NudA (cytoplasmic dynein heavy chain). Like EB1, ClipA and NudA interact with MTs and locate to their plus ends (Xiang et al., 2000; Efimov et al., 2006; Egan et al., 2012) . Both ClipA-GFP and NudA-3XGFP displayed similar distributions in the three zones of the fungal colony as observed for EB1-GFP. In zone 1, populated by growing tip cells and nongrowing subapical cells, ClipA-GFP appeared by media mixing above the biofilm, failed to trigger MT repolymerization. We therefore asked whether physically breaking the biofilm might affect MT dynamics. A central region of the biofilm was removed, as depicted in Figure 5A and shown in Supplemental Figure  S2 . The localization of EB1-GFP was examined over multiple adjacent fields before and after biofilm removal. Image stitching produced a single image covering an 1191 × 218 µm area. Analysis of the ∼400 cells from the undisturbed biofilm shown in Supplemental PowerPoint S1 (play as slide show) revealed that the large majority had EB1-GFP dispersed. A much lower number of cells had EB1-GFP at small foci or bars, and a few were highly vacuolated, with an atypically high nonspecific signal. However, no cells had EB1-GFP at comets, indicating that all had disassembled MTs before removal of part of the biofilm ( Figure 5B ). After partial biofilm removal, three zones of cells with different patterns of EB1-GFP were apparent (Supplemental PowerPoint 2, play as slide show). Cells in the biofilm FIGURE 3: EB1-GFP behavior during early stages of A. nidulans biofilm formation as cells reversibly depolymerize their MTs. Stitched images from live-cell imaging during the early stages of biofilm formation in strain SO1563 after growth at 32°C for 6 h followed by growth for the indicated times at 23 ± 2°C (Supplemental Video S3). (A) Initial growth phase when all cells have dynamic MTs with EB1-GFP in comets or at mitotic spindle (arrows). (B) After another 10 h of growth, cells stop growing but maintain dynamic MTs and still have EB1-GFP at comets. (C) Some cells start to depolymerize their MTs, causing EB1-GFP to disperse from comets, and in some cells, EB1-GFP surprisingly also locate at bars. Of note, this response is cell autonomous, and many other cells still display EB1-GFP at comets. (D) After removal of culture dish lid, all cells repolymerize their MTs, and EB1-GFP returns in all as comets (Supplemental Video S7). Scale bar, 50 μm.
with sodium thiosulfate (which was in the medium as a sulfur supplement) promoted rapid MT disassembly, although addition of each alone did not elicit this response. Prior heating of DTT and thiosulfate together before adding them to cells greatly enhanced this effect and generated the distinctive smell of hydrogen sulfide. This suggested that hydrogen sulfide, known to be formed from DTT and thiosulfate (Olson et al., 2013) , might promote MT disassembly. This was further tested by using sodium hydrosulfide (NaHS), a commonly used H 2 S-releasing chemical, which promoted rapid MT disassembly. We therefore studied the effects of NaHS addition on MT dynamics of growing cells in more detail.
After addition of 50 µM NaHS, MTs were disassembled and EB1-GFP dispersed throughout cells. However, in many cells, MTs then repolymerized and EB1-GFP reappeared as comets (unpublished data). This reversible effect is presumably due to transient release and then volatilization of H 2 S (Olson et al., 2013) . Increasing NaHS levels to 100 µM or higher promoted longer-lasting MT disassembly, and EB1-GFP remained dispersed for an extended period (>1 h). The effect of NaHS on EB1-GFP was rapid ( Figure 7A and Supplemental Video S8). Of importance, EB1-GFP did not just remain dispersed after NaHS addition but, over the course of minutes, appeared as thin fibers and bar-like structures ( Figure 7 , A and B, and Supplemental Video S8), which are reminiscent of the EB1-GFP structures observed in cells within biofilms and colonies undergoing MT depolymerization ( Figures 2C, 4 , A and B, and 6). Although somewhat variable, a pattern emerged for the way in which EB1-GFP transitioned from being at comets to filaments and bars after NaHS addition. Initially, EB1-GFP quickly dispersed throughout as comets representing the ends of growing MTs ( Figure 6C , zone 1) as previously reported (Efimov et al., 2006) . NudA-3XGFP similarly located to comets of cells in zone 1, as well as more distinctly at the growing cell tips ( Figure 6D , zone 1), also as previously reported (Xiang et al., 2000; Egan et al., 2012) . However, like EB1-GFP, in intermediate zone 2, ClipA-GFP and NudA-3XGFP appeared dispersed and in bar-like structures, with neither of them locating as comets in such cells ( Figure 6 , C and D, zone 2). Finally, in central zone 3, ClipA-GFP and NudA-3XGFP were largely dispersed but also located to immobile foci ( Figure 6 , C and D, zone 3). Similar immobile ClipA-GFP and NudA-3XGFP foci were seen after MT disassembly using benomyl, indicating that the immobile foci in the central zone cells represent effects caused by MT disassembly (Supplemental Figure S3 ).
Hydrogen sulfide promotes reversible microtubule disassembly
MT repolymerization caused by culture dish lid removal ( Figure 3D and Supplemental Video S7) suggests that soluble gases might be involved in MT depolymerization and perhaps generation of the novel EB1-GFP bar-like structures. As part of a separate study using dithiothreitol (DTT) to activate the unfolded protein response in A. nidulans (Saloheimo et al., 2003) , we observed that DTT together FIGURE 4: During MT depolymerization within biofilms, EB1-GFP unexpectedly locates to long fibers, which shrink to form bars. (A) Montage and kymograph during the transition of EB1-GFP (strain SO1563) from comets to cables and then to bars (Supplemental Video S4). (B) EB1-GFP distribution on cables is initially uneven but gradually becomes more uniform, followed by splitting and shrinking to form bars (Supplemental Video S5). Scale bar, 10 μm. and Supplemental Video S10). On washout, ClipA-GFP in bars and foci immediately converted into the normal comet-like ClipA-GFP behavior as seen before NaHS addition ( Figure 7D and Supplemental Video S11). NudA-3XGFP, on the other hand, first appeared more directly at fibrous-like structures before appearing at bars in response to NaHS ( Figure 7E and Supplemental Video S12). It also cells, with some foci of EB1-GFP present near shadows ( Figure 7A ). The shadows represent soluble EB1-GFP excluded from nuclei, indicating that EB1-GFP foci are at SPBs. Similar foci are generated after MT depolymerization using benomyl (compare Figures 7A and 1C) . The foci might therefore represent remnant MTs at MTOCs that are resistant to NaHS and benomyl treatment. In the second phase, EB1-GFP appeared at long filaments that were initially thin but thickened with time, generating more bar-like structures (Supplemental Video S8).
To investigate whether the effects of NaHS are toxically irreversible, we removed it by media exchange. After media exchange, EB1-GFP bars and filaments dissolved, and starburst-like clusters of EB1-GFP comets appeared at multiple sites within seconds ( Figure  7B and Supplemental Video S9). It is therefore possible to promote the transition of EB1-GFP from comets to filaments/bars and back to comets by addition and removal of H 2 S (Figure 7, A and B) , closely mimicking how EB1-GFP behaves naturally within biofilms but on a much faster time scale.
Experiments tracking ClipA-GFP or NudA-3XGFP after addition of 100 µM NaHS and its subsequent removal revealed similar effects as seen for EB1-GFP (Figure 7 , C-F, and Supplemental Videos S10-S13), with some subtle differences. ClipA-GFP, like EB1-GFP, largely dispersed immediately after NaHS addition and also located to multiple foci. The time taken between addition of NaHS to taking the first image (<10 s) was often sufficient to trigger this effect. ClipA-GFP was less apparent at fibrous structures, however, before appearing at bar-like structures when compared to EB1-GFP (Figure 7C FIGURE 7: Treatment with the H 2 S donor NaHS reversibly depolymerizes MTs. (A) After treatment with 100 μM NaHS, EB1-GFP (strain NS326) initially disperses from comets but then locates to fibrous and bar-like structures (Supplemental Video S8). (B) After washout, EB1-GFP rapidly returned to comets, indicating immediate MT repolymerization (Supplemental Video S9). (C) ClipA-GFP (strain NS141) also dispersed and then located to bar-like structures upon NaHS addition (Supplemental Video S10). (D) ClipA-GFP also relocated to mobile comets immediately after washout (Supplemental Video S11). (E) On NaHS treatment, NudA-3XGFP (strain NS329) rapidly transitioned into fibrous and bar-like structures (Supplemental Video S12) and it also (F) resumed its dynamic behavior after NaHS washout (Supplemental Video S13). Scale bar, 10 μm.
only EB1-GFP until the biofilm stage at which EB1 locates to bars. EB1-GFP located clearly at bars (80% of cells), but virtually no cells had GFP-TubA localized at bar-like structures, including those in which EB1-mRFP located at bars (Figure 8, D and E) . This result further indicates that MTs might not be involved in the formation of EB1-GFP bars. In these experiments, we also determined that EB1-mRFP was less likely to appear at bars than EB1-GFP even when grown under identical conditions ( Figure 8E ).
Microtubule depolymerization during biofilm formation is regulated by SrbA, the A. nidulans sterol regulatory element-binding protein 1 hypoxic transcription factor
To gain insight into the potential regulatory systems involved in controlling microtubule depolymerization in biofilms, we considered whether hypoxia might be involved. Similar to other fungi, including Schizosaccharomyces pombe, in which the regulatory pathway was discovered (Hughes et al., 2005) , adaptation to hypoxia in A. nidulans depends on the homologue of the hypoxic transcription factor sterol regulatory element-binding protein 1 (Sre1). In A. nidulans and Aspergillus fumigatus, Sre1 is called SrbA (Willger et al., 2008; Bat-Ochir et al., 2016 We next compared the response of EB1-GFP during biofilm formation in a WT strain to one in which srbA was deleted (ΔsrbA). In WT cells, as described earlier, EB1-GFP became dispersed and formed bars during biofilm formation. Under identical growth conditions and time of culture, however, ΔsrbA cells failed to disperse EB1-GFP, which instead remained as mobile comets ( Figure 9A ). The effects were quantitated by counting the number of cells with EB1-GFP comets over binned time windows during biofilm formation and maturation ( Figure 9B ). This analysis revealed that whereas WT cells increasingly lost their EB1-GFP comets, the srbA-null continued to display EB1-GFP at comets for hours. The lack rapidly resumed its normal dynamic behavior after NaHS washout ( Figure 7F and Supplemental Video S13).
Effects of MT depolymerization on EB1-GFP filaments and bars
To determine whether the bar-like structures to which EB1-GFP locates are potentially MT based, we asked whether they could be disassembled by benomyl treatment. Addition of benomyl failed to disrupt the bars generated after NaHS treatment (unpublished data). We therefore asked whether prior MT disassembly using benomyl would prevent the transition of dispersed EB1-GFP into barlike structures upon NaHS treatment. Surprisingly, although EB1-GFP was effectively dispersed by benomyl ( Figure 8A ), subsequent cotreatment with NaHS still promoted the formation of EB1-GFP bar-like structures (Figure 8 , A and C, after H 2 S; and Supplemental Video S14). The effect of MT depolymerization on ClipA-GFP bar formation was also tested, and its bar location abilities did not change dramatically after H 2 S treatment ( Figure 8B and Supplemental Video S15).
To investigate further whether MTs or MT remnants could be involved in EB1 bar formation within biofilms, we cocultured a strain expressing both GFP-TubA and EB1-mRFP with a strain expressing FIGURE 8: EB1-GFP bars may not represent MT-based structures. (A) Benomyl treatment causes EB1-GFP (strain NS326) dispersal from comets, and subsequent NaHS addition then promotes EB1-GFP bar formation (Supplemental Video S14). (B) As also shown in Supplemental Figure S2 , benomyl causes ClipA-GFP (strain NS141) to locate at immobile foci, but ClipA still relocates to bars upon treatment with NaHS (Supplemental Video S15). (C) Quantitation (mean ± SE) for EB1-GFP in benomyl-treated cells before and after NaHS treatment. The experiment was performed three times with 65 cells. (D) Coculture of strains expressing EB1-GFP (strain SO1563) and GFP-TubA and EB1-mRFP (strain NS133) during biofilm formation shows that when the majority of EB1-GFP cells display bars (blue arrow), none of the GFP-TubA locates to bars (green arrow). Within the same cell, at the time EB1-mRFP locates to bars (red arrow), GFP-tubA does not (green arrow). (E) Quantitation (mean ± SE) of EB1-GFP, GFP-TubA, and EB1-mRFP location to comets/MTs or bars or dispersed during biofilm formation. The experiment was performed twice with 122 cells. Scale bar, 10 μm. growth regulation is unknown. However, the opposite type of regulation in Neurospora crassa, cell-to-cell attraction, is under oscillatory mitogen-activated protein kinase control via an unknown chemotropic attractant (Glass et al., 2004; Fleissner and Glass, 2007; Fleissner et al., 2009; Jonkers et al., 2014) . It is interesting that N. crassa cells are actively attracted to each other and physically join together, whereas A. nidulans cells appear to be under an opposite type of regulation to actively avoid and inhibit each other's growth . Why cells of these two fungi respond to their own kind in the opposite manner is an intriguing question.
After cells stop growing, they initially maintain active MTs, indicating that their growth inhibition is not due to limited nutrient availability or metabolic shutdown. As the biofilm matures, cells depolymerize their MTs, and EB1-GFP disperses and also locates to novel fibrous and then bar-like structures, as do NudA-3XGFP and ClipA-GFP. It is unclear what structure(s) these +TIPS proteins are locating to or potentially forming. Using benomyl, we showed that the novel +TIPS structures are formed in growing cells in response to H 2 S even after MTs have been depolymerized, suggesting that the +TIPS fibers and bars might not be MT based. Supporting this possibility, we did not detect similar fibrous or bar-like structures when directly tracking MTs using the GFP-tagged α-tubulin TubA during biofilm formation. Of interest, during carbon source starvation, quiescent budding and fission yeast cells form MT bar-like arrays (Laporte et al., 2013 (Laporte et al., , 2015 and we do not discount the possibility that the +TIPS Aspergillus biofilm bars are potentially MT based. For example, such MTs could be resistant to benomyl and/or not contain TubA tubulin. Other alternative possibilities are that the +TIPS are forming de novo structures as seen for some metabolic proteins that form cytoophidia (Greek for "cellular snakes"; Liu, 2016) or proteins that form higher-order assemblies to generate amyloids, signalosomes, and granules (Wu and Fuxreiter, 2016) . Further studies are required to characterize the novel +TIPs structures. However, because of their distinctive and transient appearance, they provide a readily monitored characteristic of a specific physiological state within maturing A. nidulans biofilms.
MT depolymerization during biofilm formation is a regulated process in response to developing hypoxia
In theory, MT disassembly within biofilms could be the result, for example, of cells dying or running out of tubulin proteins. However, MTs rapidly repolymerize after air exchange above the culture medium. This indicates that such cells are unlikely to be dying or have limited tubulin. However, as the biofilm matures further and EB1-GFP is dispersed, physical removal of part of the biofilm is required to promote MTs to repolymerize. During biofilm maturation, an extracellular matrix is formed that encases cells within the biofilm structure (Mitchell et al., 2016) . Potentially, this matrix might prevent the gaseous exchange that promotes MT repolymerization, therefore requiring its removal to promote MT polymerization. Consistent with this idea, MTs repolymerize first at the edge of the remaining biofilm after partial biofilm removal.
Our findings further indicate that MT disassembly is regulated in response to changing biofilm gaseous microenvironment under regulatory control mediated by the hypoxic transcription factor SrbA. Without SrbA function, cells become stuck at a stage of biofilm formation after they stop growing but maintain active MT dynamics. The cells remain stuck at this stage and continue to display EB1-GFP at comets, whereas in cells with SrbA function, EB1-GFP is dispersed and forms bars. The SrbA regulatory response is therefore required to enable cells to promote MT depolymerization and also the formation of +TIPS filaments and bars. The response also potentially of EB1-GFP dispersal in the absence of SrbA indicates that during biofilm formation, the microenvironment starts to become hypoxic and that cells adapt through the SrbA regulatory system to promote MT depolymerization.
DISCUSSION
This study found that MTs are disassembled within forming A. nidulans biofilms. The process likely involves soluble gases because MTs rapidly reassemble after simple air exchange at the biofilm culture surface. This level of MT regulation is a controlled response mediated by the srbA hypoxic response transcription factor. We propose that stopping repeated cycles of MT polymerization would help to prevent energy loss within the biofilm. This study therefore uncovers a previously unrealized level of MT regulation involving changes in fungal biofilm gaseous microenvironments.
Three stages of MT behavior during early biofilm formation
Our analysis indicates that after adhesion and initiation of growth, the next stage of biofilm formation involves the cessation of growth of the initiator cells at the biofilm base. We previously noticed that growth is inhibited as colonies grow toward each other, forming a zone of growth inhibition (Supplemental Figure S4) , and others reported evidence of self-inhibition in Mucor and Aspergillus (Bottone et al., 1998) that promotes unidirectional outward colony growth. A. nidulans cells therefore have a mechanism by which they detect and grow away from each other ( Figure 2B ) or, when more crowded, inhibit each other's growth ( Figure 2C ). Such effects operate at the base of the biofilm as cells are initially surrounded by other growing cells and with time become increasingly crowded. We therefore propose that cell crowding contributes to cell growth inhibition during the early stages of biofilm formation. The nature of this negative FIGURE 9: MT disassembly during biofilm formation requires the SrbA hypoxic transcription factor. (A) WT (strain SO1563) and SrbAΔ (strain SO1567) strains were imaged during early biofilm formation as the WT cells stop growing and depolymerize MTs and so have dispersed EB1-GFP. (B) Quantitation (mean ± SE) of EB1-GFP comets during this transition stage of the two strains. Cells were grown at 37°C for 7 h, followed by growth at 18°C for the indicated times. The experiment was performed three times with 2445 cells. Scale bar, 10 μm.
are in a dormant state with no MTs, they are unlikely to respond to drugs that target MTs or enzymes involved in growth processes. This reversible semidormant state might therefore contribute to the physiological characteristics that enable persister cells to tolerate antifungal treatments. In a similar vein, cells within mammalian solid tumors experience hypoxia, which induces resistance to MT-based chemotherapies, but in this case, MTs are more stable rather than less stable under hypoxic conditions (Yoon et al., 2005; Peng et al., 2010; Das et al., 2015) . It will be interesting to unravel the similarities and differences of the roles of hypoxic microenvironments with MT regulation between biofilms and solid tumors and whether such knowledge might be leveraged for pharmacological interventions.
Results from analysis of SrbA in A. fumigatus support the idea that the physiological changes involving MTs we have defined during biofilm formation are of potential significance to the pathology and treatment of fungal infections. In the absence of SrbA A. nidulans cells fail to depolymerize their MTs normally during biofilm formation. In A. fumigatus, biofilm formation is compromised in the absence of SrbA (Vaknin et al., 2016) , and deleted strains are additionally sensitive to azole drugs and have greatly reduced virulence in murine models of invasive pulmonary aspergillosis (Willger et al., 2008) . It is possible that some of the effects seen in the absence of SrbA in A. fumigatus could potentially involve the continued presence of active MT dynamics during early stages of biofilm formation and their failure to enter the controlled dormant state that our studies show normally develops in cells at the base of biofilms.
Conclusions
Our analysis provides new insight into the physiological changes that occur in cells during the formation of a fungal biofilm involving the regulated depolymerization of MTs. These changes in cell physiology are likely in response to early-developing hypoxic microenvironments within the biofilm and are under control of the hypoxic transcription factor SrbA. Our findings indicate that one of the responses mediated by the hypoxic SrbA transcription factor is to promote MT depolymerization. This would help preserve energy levels while at the same time leave cells in a state poised to reestablish normal MT dynamics if their microenvironment changed. As part of this study, we additionally found that +TIPS proteins, which normally locate to the plus ends of MTs as comets, can also naturally exist at fibrous and bar-like structures as a characteristic phenotype within cells as biofilms are formed. These structures are immediately converted into comets in response to air exchange above the culture medium of the forming biofilm as MTs are triggered to repolymerize. Identical +TIPS structures can be artificially promoted by H 2 S, and these too immediately convert into comets on removal of H 2 S. The work therefore makes new connections between biofilm gaseous microenvironments, MT regulation, SrbA, and, potentially, H 2 S signaling.
MATERIALS AND METHODS
Strains, media, and drug treatments
Strains (Table 1) were generated by classical genetic methodologies (Pontecorvo et al., 1953; Todd et al., 2007) or using gene-targeting constructs generated via fusion PCR and transformation (Yang et al., 2004; Nayak et al., 2006) . All of the proteins examined in this study were tagged at their endogenous locus. The medium for microscopy contained glucose (10 g/l), trace elements, urea (10 mM), MgSO 4 (2 mM), KCl (7 mM), and phosphate buffer (6 mM KH 2 PO 4 and 6 mM K 2 HPO 4 ⋅3H 2 O). The medium was supplemented with uridine (1.2 g/l) and uracil (1.12 g/l), arginine (6.4 g/l), and sodium thiosulfate (3.2 mM) if required. A 1 M DTT (Sigma-Aldrich) involves the accumulation of H 2 S, which, of importance, we showed can, under normoxic conditions, promote both MT disassembly and formation of the characteristic +TIPS filament and bar-like structures. We do not have further data to support the idea that naturally generated H 2 S plays a role within biofilms, but H 2 S is known to mimic the effects of hypoxia and has been implicated in oxygen sensing (Olson, 2015) . H 2 S can act as a signaling molecule via modification of protein cysteine residues (Paul and Snyder, 2012; Aroca et al., 2015; Filipovic, 2015) , although this level of regulation has not been shown in fungal cells, and also has an inhibitory effect on cytochrome C oxidase and respiration (Matallo et al., 2014; Modis et al., 2014; Szabo et al., 2014) . Further analysis will therefore be required to define the relationships between hypoxia and MT depolymerization, and it will be interesting to test for the presence of H 2 S within biofilms. We suggest that the biological function of this regulation is to prevent wasteful energy loss as hypoxia develops within biofilms.
Prior studies showed that as biofilms form, including those generated by fungi, hypoxic microenvironments can be generated to the extent, for example, that Candida albicans biofilms can support the growth of obligate anaerobic bacteria (Fox et al., 2014) . In our experiments, we find that although hypoxia likely starts to develop very early during biofilm formation, hypoxic conditions alone may not suffice to promote MT disassembly. If hypoxia alone promotes MT disassembly, then all cells should respond in the same manner as hypoxia develops. However, we see that cells respond autonomously within biofilms even though they would be experiencing the same hypoxic microenvironment. Even cells separated by septa, and so within micrometers of each other, can maintain different states of EB1-GFP behavior. Therefore MT disassembly likely involves interplay between the microenvironment and differing physiological states between individual cells rather than being solely a direct consequence of the changing microenvironment.
Potential insights into fungal pathogenicity
Our findings provide new insight into how the physiology of cells within a fungal biofilm become modified and so might be informative in terms of the roles played by biofilms during fungal infections and subsequent treatments. Two aspects of fungal biofilm biology believed to help mediate resistance to antifungal treatments are the physical barrier conferred by the biofilm and the residence within the biofilm of persister cells recalcitrant to drug therapies (Taff et al., 2013) .
As the biofilm generated in our experiments matured, it appears to form an effective barrier to the gaseous exchange required to allow MTs to repolymerize in cells at the base of the biofilm. Such cells have not lost the ability to repolymerize their MTs but require physical removal of part of the biofilm to promote their MTs to repolymerize. These findings suggest that the A. nidulans biofilm might confer a barrier to very small molecules in solution and, as it matures, could help maintain and perhaps enforce the inactive state of the base cells within the biofilm. In effect, the biofilm barrier might not only provide an effective physical barrier protecting internal cells from antifungal treatments but also help to maintain them in a dormant physiological state, which might help further confer resistance to treatment. The nature of the biofilm barrier remains to be established and is only functionally defined here as a biofilm property that makes MT repolymerization more resistant to gaseous exchanges above the biofilm medium.
Our findings also provide insights into the physiological modifications occurring within biofilms that might play roles in the generation of persister cells and into their resistance to treatment. For example, because cells at the base of the biofilm have stopped growing and stock was made in sterile deionized water freshly before use. A 3 mg/ml fresh stock of NaHS⋅9H 2 O (Sigma-Aldrich) was made in icecold phosphate buffer (100 mM) before each treatment. Benomyl (0.4 mg/ml stock made in ethanol) was added to a final concentration of 2.4 µg/ml (De Souza and Osmani, 2011) .
Cell culture and microscopy
A. nidulans spores were generated by agar overlay or spread plate methods for 36-42 h at 32°C and harvested in 0.2% Tween-80 or spore stock solution (0.02% Tween-80 plus 0.85% NaCl). For biofilm experiments, 3 ml of liquid medium mixed with spores (10 6 per ml) was added to glass-bottomed microwell dishes (MatTek, Ashland, MA) and grown for 6 h at 32°C followed by 20 h (early biofilm) or 30 h (more mature biofilm) at room temperature (21-25°C) or 7 h at 37°C followed by 20 h at 18°C. These temperatures were used to facilitate the timing of imaging. If all growth is completed at room temperature, with no temperature shifts, the same results are obtained as reported in this study (unpublished data). For imaging biofilm cells formed under mixing conditions, after inoculation, dishes were incubated for 8 h at 32°C with no mixing and then placed on a rotating orbital shaker at 100 rpm at room temperature. Cells were imaged immediately after their removal from the shaker. For growth as submerged colonies, 3-to 5-µl spores in MAG top-agar (0.8% wt/ vol) was inoculated on one edge of an empty microwell dish, and 3 ml of minimal medium was secondarily added after the agar solidified. The cells began to grow out from the agar mass into the liquid medium after 24 h and were imaged between 38 and 48 h. For H 2 S treatments, spores (10 5 per ml) were grown in 3 ml of medium at 32°C for 3 h followed by growth at 25°C for 12-16 h before imaging. Microscopy was done using either a 60×/1.49 numerical aperture (NA) or 100×/1.4 NA total internal reflection fluorescence objective as described (Govindaraghavan et al., 2014) , and image analyses were performed using ImageJ, version 1.47k. Larger images were generated from several fields of view using the automated stitching program in the Ultraview Volocity software (PerkinElmer). All images presented are maximum intensity projections. 
